Controlled-source electromagnetics (CSEM) has been used as a de-risking tool in the hydrocarbon exploration industry. In this paper, we apply the concept of synthetic aperture to the low frequency electromagnetic field in CSEM. Synthetic aperture sources have been used in radar imaging for many years. Using the synthetic aperture concept, big synthetic sources can be constructed by adding the response to small sources (building blocks) in different ways, and consequently, big sources with different radiation patterns can be created. We show that the detectability of hydrocarbons is significantly enhanced by applying synthetic aperture to CSEM data. More challenging targets such as deep reservoirs (4 km below sea floor) can be detected. We also propose alternative acquisition systems based on the increased response obtained by synthetic aperture techniques. This includes towing the source close to the sea surface, and towing both source and receivers close to the sea surface. These new acquisition geometries reduce the cost of CSEM surveys. We also show, with the synthetic aperture concept, how a synthetic source that has similar radiation pattern as the vertical source can be constructed by adding the response to small horizontal sources. The synthetic aperture concept opens a new line of research in CSEM, with the freedom to design suitable synthetic aperture sources creatively for a given purpose.
INTRODUCTION
Low frequency controlled-source electromagnetics (CSEM) has been used in the oil industry as a derisking tool to distinguish hydrocarbon reservoirs since the beginning of this century. In hydrocarbon exploration, CSEM is also referred to as seabed logging (Ellingsrud et al. 2002) . The fundamental assumption of using CSEM as a detector of hydrocarbons is that porous rocks are resistive when saturated with gas or oil, but conductive when filled with water. The history and detailed description of CSEM is given by MacGregor & Sinha (2000) , Edwards (2005) , and Constable & Srnka(2007) .
Although there are many successful case studies showing the ability of CSEM of detecting hydrocarbon reservoirs, this method has not been completely accepted by the industry as an exploration tool. The fundamental reason of the limitations in using CSEM is the diffusive nature of the electromagnetic field in conductive media such as sea water and the subsurface below it. Because of diffusion, the electromagnetic field decays rapidly in space, and consequently the secondary field refracted from the target usually is much smaller than the background field (the received field without the target). Because only the secondary field from the target carries information about the target, the interpretation of the target signature is problematic if the target field is hidden in the background field. Therefore, most of the successful applications of CSEM are in deep water (>1 km), with a shallow target (<2.5 km), with a large horizontal extent (several kilometers), and few other resistors in the background. Even with these criteria, the anomaly in the recorded field due to the hydrocarbon reservoir is small. Fan et al., (2010b) showed that the detectability of hydrocarbon reservoirs increases dramatically by forming a synthetic aperture source for CSEM. In this paper, we explore this concept in more detail and show some of the valuable applications and improvements to CSEM exploration. Synthetic aperture is a concept that has been widely used in the radar and sonar community e.g., (Barber 1985; Ralston et al. 2007; Zhou et al. 2009; Cutrona 1975; Riyait et al. 1995; Bellettini & Pinto 2002) . The basic idea of the synthetic aperture concept is to use the interference of the fields from different sources to construct a big synthetic source (aperture) which has a special radiation pattern designed for a specific purpose.
We illustrate the concept with a simple example. In a lossless homogeneous space, the frequency-domain 3D Green's function is G(r, ω) = e ikr /r for wave propagation. The real part of the Green's function from a point source located at the origin is shown in the upper panel of figure 1. In this example we use a frequency of 0.25 Hz, a medium velocity of 866 m/s. We next construct an 10 km long elongated source by adding 200 uniformly distributed point sources from x = -5 km to 5 km, all at z=0 km. Apart from contributions from the edges of the source array, the elongated source emits a plane wave that propagates in the vertical direction (lower panel of figure 1 ). Compared to a physical source 10 km long, one has more freedom in building a big source synthetically by adding the fields emitted by small sources. For example, a linear phase shift along the source array can be applied to the individual sources before the summation, and as a result the total field is steered in a certain angle. This is illustrated by the upper panel of figure 2 . Similarly, the total field can be focused in a location if appropriate phase shifts are applied to the individual sources, as shown in the lower panel of figure 2. Steering and focusing using synthetic aperture has already been used for wave problems such as radar and ultrasound imaging (Berson et al. 1981; Lu et al. 1994; Korobov et al. 2010; Aguttes et al. 2000; Wang et al. 2009 ). Fan et al. (2010a) have shown that diffusive fields can also be steered and focused by applying an appropriate phase shift and amplitude weighting. Consequently, one can extend the synthetic aperture concept to CSEM, where the electromagnetic fields propagate diffusively. The basic idea is that a diffusive field can be viewed as a highly attenuating wave with dispersion in both phase velocity and attenuation. In fact, the similarities in the mathematical expressions of wave propagation and diffusion can be found in the literature (Kunetz 1972; Isaev & Filatov 1981; Filatov 1984; Lee et al. 1989; O'Leary et al. 1992; Boas et al. 1993 Boas et al. , 1994 . Also, the interference of diffusive fields has been widely used in physics (Schmitt et al. 1992 Knuttel et al. 1993; Yodh & Chance 1995; Wang & Mandelis 1999) .
In this paper, we show that the imprint of the hydrocarbon reservoir in a measured field can be dramatically increased by applying field steering to CSEM data. This enhances the ability to detect more challenging reservoirs. We show that a deep target (4 km below the sea floor) can be detected with field steering. We also propose the possibility of alternative acquisition systems based on the increased response obtained with synthetic aperture techniques. This includes towing the source close to the sea surface, and towing both source and receivers close to the sea surface. These new acquisition geometries reduce the cost of CSEM surveys. Note that the concept of synthetic aperture is not limited to field steering or focusing. In the last example in this paper, a synthetic source which has a similar radiation pattern as the vertical dipole is constructed by using two pairs of orthogonal dipoles. In practice, one can design a variety of synthetic sources depending on the goal of the survey. As is common for CSEM, the data and analysis in the following examples are in the frequency domain.
FIELD STEERING
A general formula for constructing a synthetic aperture source SA is
At a single angular frequency ω, a synthetic source at location r is a superposition of the spatially distributed sources that are located from r1 to rN with an amplitude weighting an and a phase shift φn. In expression (1), s(r, rn, ω) is the individual source function. Consistent with typical CSEM surveys, the sources are assumed to be continuously distributed along a line (taken to be the x axis). We apply a linear phase shift to the individual source in the line to steer the field to an designed direction. The total field can be represented as
where α = p ωµσ/2 is the real or imaginary part of the wave number k for the diffusive electromagnetic field, µ is the permeability, σ is the conductivity, c1 is a coefficient to control the steering angle (phase change), c2 is a coefficient to compensate the energy loss due to the diffusion (amplitude weighting), and ∆xn = |xn − x1| is the distance from the source xn to the left edge of the array.
Shallow target
We first show field steering to a shallow target (1 km below the sea floor) to illustrate the dramatic increase of the reservoir anomaly in measured fields. The model we use in this numerical example is shown in figure 3 . A hydrocarbon reservoir with resistivity of 100 Ωm is centered at the origin, with horizontal extent of 5 km in the x and y directions and a thickness of 100 m. The sea water is 1 km deep with a resistivity of 0.3 Ωm. The subsurface background is a half space with a resistivity of 1 Ωm. The receivers are located at the sea floor and a 100 m dipole source with a current of 100 A is continuously towed 100 m above the receivers. The source current oscillates with a frequency of 0.25 Hz.
Figure 4(a) shows the inline electrical fields in the presence of the reservoir (dashed line) and without the reservoir (solid line) from a single 100 m dipole source whose center is located at x=-6.5 km. There is a slight increase in the field around x=0 km when the reservoir is present. This 20% difference is shown by the ratio of the field with the reservoir to the field without the reservoir (thin solid curve in figure 4(e)). We next costruct a 5 km long dipole by superposing the 50 employed sequential sources. This is equivalent to setting c1=0 (zero angle steering), c2=0 (same weighting), and N =50 in equation 2. The superposition of the fields is exactly the same as the field from a 5 km long physical dipole source with a current of 100 A. The total Ex fields are given by figure 4(b). The ratio of the fields with and without the reservoir is shown by the dashed curve in panel (e). Although the overall signal strength increases compared to the single 100 m source (panel (a)), the difference in the measured Ex fields between the models with and without the reservoir does not significantly increase by simply using a longer dipole.
We next apply a linear phase shift to the 50 sequen- tial sources using c1=0.7 to steer the field to the angle of approximately 45 degrees. The coefficient c1 controls the slope of the linear phase shift and can be related to the steering angle θ (steering direction to the vertical) by c1 = sin θ (valid for c1 < 1) (Fan et al. 2010a) . Figure 4 (c) shows the Ex field excited by the synthetic aperture source whose field is steered to the right. The ratio of the steered fields is illustrated by the thick solid curve in the bottom panel. This example shows that the detectability of the reservoir significantly increases by steering the field toward the target. To explain the effectiveness of field steering, we consider how the field steering affects the way in which the electromagnetic field propagates. Figure 5 is a sketch of the paths along which the electromagnetic field propagates from the source to a receiver. Because of the radiation pattern of a dipole antenna, most of the energy propagates perpendicular to the dipole direction. For the horizontal dipole used in CSEM, most energy therefore propagates vertically (solid arrows from the source in figure 5 ). The vertical downgoing energy goes to the subsurface where, in this case, the target is not located. This portion of energy therefore does not contribute to detect the target. Because of the extremely small critical angle from sea water to the air, the vertical upgoing energy is converted to airwave at the sea surface. The airwave does not attenuate while traveling along the sea surface, hence, the airwave dominates the recorded field for large offsets. Besides the vertical paths, the energy also propagates in all other directions as illustrated in figure 5 . Part of the energy radiates upward is totally reflected at the sea surface (dashed lines in figure 5 ). The downgoing energy that reaches the target is refracted by the target and the upgoing field after this refraction is called the target field.
When the field is steered toward the target, there are two changes in the radiation pattern that lead to the increased imprint of the reservoir in the measured field. First, since the electrical field is transversely polarized, both the total electrical field and the z-component of the E field increase at the target location when the field propagation is steered from the vertical direction to a tilted angle. The z-component of the E field diagnoses changes in the conductivity in the vertical direction (Edwards 2005) , so the secondary field refracted from the reservoir increases. In our synthetic example, this secondary field increases only about 30% (not shown in figure 4 ). Second, when the energy is steered away from the vertical direction, the fields reflected by the sea surface increases while the airwave decreases. Because the reflected field has a longer propagation path in the sea water than the air wave, it attenuates more, and hence the total received field decreases due to airwave reduction. Evidence to support the reasoning of the reducing airewaves is that the tail part of the background Ex field, which consists mostly of the airwave, decases on both sides of the source no matter whether the field is steered to the right or left. Given that the secondary field from the target increases because of the better illumination, and the background field decrases mainly because of the airwave reduction, the imprint of the reservoir is more pronounced after field steering.
So far we have applied phase shifts to the individual sources to steer the total field to one side of the synthetic source. The attenuation of a diffusive field causes the sources on the opposite side to give a smaller contribution to the synthetic aperture construction because they propagate a greater distance. Because the diffusive field decays exponentially, an exponential weighting term e −c 2 α∆xn in equation (2) is included to compensate for this energy loss, where c2 is a constant that controls how much weight each individual sources have. Fan et al. (2010a) show that for an homogeneous medium, the best steering is achieved for c2 = c1. But in the layered model used here we find experically that the anomaly due to the reservoir is largest when c2 is 0.1. Figure 4 (d) shows the fields after including the energy compensation term e −0.1α∆xn . This difference is quantified by the ratio of the fields with and without the target and is illustrated by the dashed-dotted line in panel (e).
Why is the optimal value of c2 different for a homogeneous medium than for the layered model we use here? As explained earlier, there are two reasons that cause the reservoir imprint to be more pronounced: the increase of the secondary field, and the decrease of the background field. The increase of the secondary field is optimal when c1 = c2, but the decrease of the background field is more complicated for a variety of reasons. The first reason, as state above, is the reduction of the airwave due to the change of the incident angle. The second reason is the interference between different arrivals, which makes the resulting interference of these arrivals depend in a complicated way on the radiation pattern of the synthetic source. There are many different paths for the energy travel from the source to the receivers, as figure 5 illustrates. Energy can propagate directly from the source to the receiver, be carried in the airwave, be reflected and refracted from the sea floor, or be refracted back from the shallow depth (like a diving wave). There is constructive and destructive interference between these arrivals. When the field is steered, destructive interference can occur in the background field (the dip around x =2 km in figures 4c and 4d). This dip in the background field creates a window through which the secondary target field can be better detected. As the amplitude of each arrivals varies, the amplitude weighing (by parameter c2) of individual sources becomes critical because destructive interference only occurs when the interfering fields are of a comparable strength.
Further research is needed to identify the individual arrivals, to better understand the mechanism of the destructive interference, and optimally design the amplitude weighting for each source. For example, what is the best combination of c1 and c2? Is the exponential weighting function best at creating the interference window? In practice, one can numerically search the optimal parameters of c1 and c2 for the particular model used. A large number of c1 and c2 pairs can be used in the creation of the synthetic aperture source to find the combination of c1 and c2 that gives the largest anomaly. This is equivalent to sweeping the the field from zero to ninety degrees while changing the weighting of the individual sources. Because the CSEM data set is relatively small, the computational cost of this parameter search is low. Note that one does not need to acquire new field data to carry out this parameter search. It only requires processing of existing data.
The above example shows that the synthetic aperture technique dramatically increases the difference in electrical field response between the models with and without the reservoir by a factor of 30. Note that this is achieved without altering the data acquisition. If noise is added in the above example, the main observation still holds as the coherent fields from the source are still steered. The signal to noise ratio is enhanced because the coherent field increases faster than the noise does when a big synthetic source is constructed. However, the anomaly ratio may not be as big as the example's factor of 30 because the noise is not coherent and can not be steered.
Deep target
We have seen that the imprint of the shallow target (1 km below the sea floor) dramatically increases after applying field steering. It is logical to think that field steering could help to detect deeper targets. The current deepest reservoir that CSEM can detect is about 3 km. This limitation in depth penetration of CESM makes this technique not suitable for most of the deep reservoirs. In the following example, we show that by applying field steering to the current CSEM data, a deeper reservoir (4 km below the sea floor) can be clearly detected.
In the following numerical example, a hydrocarbon reservoir with a resistivity of 100 Ωm is centered at the origin with horizontal extent of 8 km in the x and y directions and a thickness of 100 m. The reservoir is 4 km below the sea floor. The source and receiver parameters are the same as used in the previous example. For a better penetration, we choose a lower source frequency of 0.01 Hz. The measured Ex fields (single dipole) are shown in figure 6(a). No difference can be seen between the field with the reservoir (solid line) and the field with-out the reservoir (dashed line). The ratio of these two fields is shown as the solid line in the bottom panel. The vertical lines in each panel represent the edges of the reservoir in the horizontal direction. In fact, no anomaly is visible no matter where the source is located. Figure  6 (b) shows the field from a 5 km long synthetic source with the field steered toward the right. A clear anomaly is present both in the measured field ( figure 6(b) ) and the ratio ( figure 6(c) ). In this case we tested multiple pairs of c1 and c2, and found the optimal combination to be c1 = 3.4 and c2 = 0.1.
As described above, c1 can be related to the incident angle by c1 = sin θ when c1 <1. But what happens if c1 becomes larger than one? We first answer this question for wave propagation. For mathematical simplicity, we analyze a 2-D wave field in a homogeneous medium with k
where v is the wave velocity. With field steering, the horizontal wavenumber becomes kx = c1ω/v, making the vertical wavenumber kz = ±ω p 1 − c 2 1 /v. When c1 is less than one, it is related to the steering angle by c1 = sin θ and kz = ω cos θ/v. When c1 is bigger than one, kz is imaginary and the total field is evanescent. For a diffusive field in a homogeneous medium, k ). When c1 >1, kz is still complex, but the decay rate in the z direction dependents on the value of c1. When c1 > 1, it controls the amplitude weighting parameter. As we state above, the amplitudes for different arrivals are crucial to create the destructive interference in the field. In this case, both c1 and c2 control the amplitude weighting and we find empirically that the combination of c1 = 3.4 and c2 = 0.1 creates this destructive interference window that makes it possible to detect a reservoir at 4 km depth.
Shallow sources and ocean bottom receivers
In current CSEM surveys, the source usually is towed close to the sea floor to minimize the dissipative loss in sea water. Towing a source at depth can be technically challenging and expensive. Since field steering can increase the imprint of the reservoir dramatically, we propose a new acquisition system in which the source is towed close to the sea surface. Note that if the water depth is too big, near-surface towing obviously can not work because the energy would dissipate in the water. But in relatively shallow water, near-surface towing can be applicable considering the increased detectability by applying field steering. In the following example, we use a water depth of 500 m, but this is not a limiting case. Further research is needed to investigate the maximum water depth for a given target for near-surface towing. A modeling feasibility study can be carried out to test if near-surface towing is appropriate for the given water depth and given target (i.e. size, depth and conductivity) following the method we use below. The model used in this example is shown in figure  7 . A hydrocarbon reservoir with the resistivity of 100 Ωm is centered at the origin at a depth of 1 km below the sea floor, a horizontal extent of 4 km in the x and y directions, and a thickness of 100 m. The source is a 100 m dipole source with 100 A current, towed 10 m below the sea surface, oscillating at a frequency of 0.25 Hz. The receivers are located on the sea floor. In figure 8(a) , the measured Ex fields from the single dipole show no difference between the field with the reservoir (solid line) and the field without the reservoir (dashed line) because the airwave dominates the measured fields. The ratio of the background and the total field is shown by the solid line in figure 8(d) . Figure 8(b) shows the background and total fields from a 5 km long synthetic source, whose field is steered downward (zero steering). The overall field strength increases but no imprint of the reservoir can be seen. The ratio of the fields is shown by the dashed line in the bottom panel. Next, we steered the field toward the right using c1 = 0.7 and c2 = 0.1. A clear anomaly is then seen in figure 8(c), with the ratio of the background field and the total field from panel (c) indicated by the dashed-dotted line in the bottom panel. Note that in this case the field with the reservoir is smaller than the field without reservoir. The definition of the ratio in the bottom panel is different from those used in the previous examples. Instead of the ratio of the total field and the background field, we show the inverse ratio as the total field is smaller than the background field. The fact, that the total field is smaller than the background field is an indication of the destructive interference between the target field (secondary field) and the airwave.
We have shown the case where the source is towed 10 m below the sea surface. To take this one step further, we also test the extreme case of towing the source at the sea surface. As shown in figure 9, towing the source at the sea surface does not result in a significant difference compared with towing the source at 10 m in depth. The above two examples show that by applying field steering, CSEM acquisition can be simplified by towing the source close to or on the sea surface.
Shallow sources and receivers
We have shown that by constructing an appropriate synthetic aperture source, it is possible to tow the source close to the sea surface. In this section, we investigate if it is possible to tow both the source and receivers close to the sea surface. The main reason for locating receivers on the sea floor is to reduce the dissipative loss of the electromagnetic fields. Since we can use field steering to better detect the reservoir, towing receivers close to the sea surface becomes feasible. This new type of acquisition can significantly reduce the survey cost and provide dense receiver locations because the receivers are also continuously moving. The dense receiver spacing is crucial for many techniques such as CSEM migration (Zhdanov et al. 1995 (Zhdanov et al. , 1996 Zhdanov & Traynin 1997) , up down decomposition and CSEM interferometry (Wapenaar et al. 2008; Fan et al. 2009 ; Hunziker et al. 2009, 2010) . Edwards (2005) described the concept of an ocean bottom source-and-receiver towing system to densely distribute receivers. The-near surface sourceand-receiver towing system is shown in figure 10 . The model and source parameters are the same as those used in the previous section. The only difference is that the receivers are towed together with the source at the same depth, instead of sitting on the sea floor.
As in the previous section, we show two examples: towing the source and receivers 10 m below the sea surface (figure 11) and towing them on the sea surface (figure 12) . Neither the single source fields ( figure 11(a) , figure 12(a) ) nor the zero steering fields (figure 11(b), figure 12(b) ) show a clear imprint of the reservoir. For the steered field shown in figure 11(c) and figure 12(c), constructed with c1 = 0.7 and c2 = 0.1, the imprint of the reservoir is clearly visible. The corresponding ratios of the background fields and total fields are shown in figure 11(d) and figure 12(d) .
These two examples show that the near surface source-and-receiver towing system can be used to detect hydrocarbon reservoirs by constructing an appropriate synthetic aperture source. As described in the previous section, this new acquisition can only be applicable when the water is not too deep. While the examples shown here give a proof of concept, further research is needed to investigate the feasibility of using near surface source-and-receiver towing system for a given model (i.e. the relationship between the water depth and target information, the near-surface background noise and streaming noise). 
Real data example
So far we have applied field steering to simple synthetic models. Next, we apply field steering to real data. In real data, the field 'without' the reservoir is defined as the measured field at a reference site under which there is no reservoir. Figure 13(a) shows the inline electrical fields both with (dashed) and without (solid) the reservoir. There is a slight difference in the measured fields between x=6 km to x=10 km. The reservoir is known to be located between x=3 km and x=6 km. The corresponding ratio of the two fields is shown by the solid curve in panel (d). The anomaly in the field near the reservoir is approximately 20%. Beyond offsets of 10 km, the ratio oscillates as the field reaches the noise level and is no longer reliable. Note that on the negtive offset side (x <0), no difference in the measured field is observed because there is no reservoir on this side. This consistency of the measured field is an indication that the background geology is relatively uniform in that area.
Next, we construct a 4 km synthetic aperture source with no field steering. The fields with and without the reservoir are shown by the dashed and solid curves in figure 13(b) , respectively. The corresponding ratio is the dashed curve in panel (d) . Because the longer dipole source has a better signal to noise ratio, both the Ex field and the ratio are smoother than those from an individual source. The overall difference between the responses, however, does not change.
We next steer the fields toward the reservoir using a phase shift (c1 = 0.8) and amplitude weighting (c2 = 0.6). Figure 13(c) shows that the difference in the field between the models with and without the reservoir has significantly increased after we apply the field steering. The corresponding ratio is shown by the dashed-dotted line in panel (d) . The imprint of the reservoir is much more pronounced in panel (c) than those in panel (a) and (b). Note that the response at negative offsets does not show any difference in the field both before and after the field steering. This is because there is no reservoir for negative offsets. The consistency on the negative offset side, where there is no reservoir, confirms that our field steering is only sensitive to the presence of the reservoir. In this example, the choice of c1 and c2 is slightly different from the synthetic examples we showed above. This is because the model configurations in this real data example and the synthetic examples is different. This field example shows that synthetic aperture techniques can improve the detectability of a reservoir with field data.
"SYNTHETIC VERTICAL SOURCE"
As we state in the shallow target synthetic example, the z component of the E field is sensitive to the changes in the conductivity in the vertical direction (Edwards 2005) . Therefore, it is not a surprise that a vertical oriented dipole source is most efficient to detect the hor- izontal reservoirs because the electrical field lines from a vertical source have a large z-component (Mogilatov & Balashov 1996; Holten et al. 2009 ). But in practice, there are many reasons that make it difficult to use a vertical dipole as a source. First, to maintain the vertical position of the 100 m long dipole is technically challenging. Second, the survey time, as well as the cost, can dramatically increase because of the difficulty in moving a vertical source. We present a method to build a synthetic source which has a similar radiation pattern as the vertical source by adding orthogonally distributed horizontal dipole pairs, as illustrated in figure 14. With the dipoles (solid arrows 1 through 4 in figure 14) pointing at each other, the electrical field lines in the center of the area are vertical, as the horizontal components of the field cancel each other and the vertical components constructively interfere. These vertical field lines are effectively equivalent to the field lines from a vertical dipole source, as denoted by the dashed arrow in figure 14 . A similar setup has been described by Srnka & Carazzone (2003) and a physical setup with 8 dipoles has been used by Helwig et al. (2010) . The main difference with our method is that we construct the long dipoles synthetically, and have the freedom to adjust the field strength and steering angle as shown below. Figure 15 is a map view of the four dipoles, and shows how dipole 2 and 4 help reduce the horizontal component of the total field at a location on the x-axis.
As an example, we examine a location on the right side of x-axis, close to dipole 3. The horizontal components of the electrical field from dipole 1 and 3 point in opposite directions. Because at that location the field from dipole 3 is stronger than that of dipole 1, the remaining horizontal field (dashed arrows in figure 15 ) from dipole 1 and 3 points to the left. The horizontal fields from dipole 2 and 4 point toward dipole 3 as shown in figure 15 . The destructive combination of these fields reduces the total background field at this point. In contrast to the horizontal background fields from four dipoles, which interfere destructively, the target horizontal fields from these dipoles reinforce each other.
In the following example, we apply the synthetic vertical dipole to a land acquisition system. A 100 m thick reservoir (resistivity of 100 Ωm) with a horizontal extension of 4 km in both x and y directions, is located 1 km below the surface. The subsurface is a half space with a resistivity of 2 Ωm. Figure 16 is a map view of the reservoir position (block in the center) and the 4-dipoles system. Each dipole is 2 km long and centers of the two opposite dipoles are 10 km apart. There are several ways one can build this transmitter distribution. The first way is to use four 2 km long physical dipoles, as shown in figure 16 . The second is to use a single 2 km long dipole and move it to four different positions as shown in figure 16 . However, the best way is to first construct a 2 km long dipole synthetically by adding small dipoles (200 m long in our example) as shown in the above examples. Then we move the 2 km synthetic dipole to four different positions as shown in figure 16 . In this way, we build the whole four-dipole system by moving around a single small dipole around. From a practical point of view, a dipole 200 m long is much cheaper and easier to move than a 2 km long dipole. This also gives more freedom to construct the long dipoles, as we show below.
The first panel of figure 17 shows the cross section of the background Ex field in the (x,z)-plane from the four-dipole system. The field vanishes at x = 0 because the cancellation of the fields from the four dipoles. The second panel of figure 17 is the cross section of the target Ex field. Note that the amplitude of this secondary field is comparable to the background field in the center area because the "synthetic vertical source" excites the target well. The third panel shows the measured field at the surface. The solid line is the background field and the dashed line is the total field (with the presence of the reservoir). The ratio of the above fields (with and without the reservoir) at the surface level is shown in the bottom panel. Although we have added two pairs of orthogonal dipoles, the effective vertical source seems imperfect. In the first panel of figure 17 , the background Ex field is only zero at x = 0 but becomes bigger than the target field immediately away from the center point. Therefore, the anomaly in the bottom panel is relatively small and narrow in space. As we learned from figure 15, the cancellation of the fields at a certain point depends on the field strength from each dipole at that point. In other words, the total fields at that point only vanishes when the total field from dipoles 2 and 4 has the same strength as the field from dipoles 1 and 3 (figure 15). Simply adding the two pairs of dipoles does not guarantee the perfect field cancellation, although it is already an improvement comparing with a single dipole.
In order to adjust the strength of the fields from each dipole and make the field lines in the center area more vertical, we apply the field steering to each long dipole. The field steering can not be achieved if a physical 2 km long dipole is used. In our example, each 2 km long dipole is constructed by ten spatially distributed small dipoles that are 200 m long. These ten spatially distributed dipoles can be obtained by moving one dipole to ten different locations. The field from each 2 km long dipole can be steered using the method we proposed in the previous sections. Here, we steer the field of each dipole toward the center of the dipole array (toward the reservoir). Dipoles 1 and 3 are steered by the same steering parameter c1 (one to the right and one to the left), which may be different from the steering parameter for dipoles 2 and 4. No amplitude weighting parameter c2 is used in this example. Figure  18 shows the field in the same pattern as figure 17 in the case where dipoles 1 and 3 are steered with c1 = 0.5 and dipoles 2 and 4 are steered with c1 = 1. Compared with the case without steering (figure 17), the first panel of figure 18 shows that the background Ex field in the center part becomes much smaller. This implies that the field lines in the center part become more vertical and a better "synthetic vertical source" is constructed. Therefore, the difference of the measured field at the surface level for the models with and without the reservoir is more pronounced in the third panel. The large anomaly in the bottom panel of figure 18 shows a clear imprint of the reservoir.
The above example demonstrates that a synthetic source which has a similar radiation pattern as a vertical dipole can be constructed by adding two pairs of dipoles and using field steering to adjust the strength of each dipole. In the synthetic modeling study, we find that there are multiple pairs of steering parameters (besides c1 = 0.5 for dipoles 1 and 3 and c1 = 1 for dipoles 2 and 4) which give a large anomaly in the measured field. The key is to adjust the fields from each dipole in such a way that the horizontal fields from each dipole interferes destructively as illustrated in figure 15 . Besides the field steering, other parameters affect the strength from each source. These include the size of each dipole, the distance between each dipoles and the conductivity of the subsurface. Further research is needed to optimize the construction of a "synthetic vertical source". We only use two pairs of dipole sources in the above example, but it is possible to use more pairs of the dipoles to better force the field lines go vertically, such as the 8-dipole system used by Helwig et al. (2010) . Since we use a synthetic aperture, more pairs of dipoles can be easily constructed by moving the small dipole source to new locations.
We have shown an application of the "synthetic vertical source" for a land system. In the marine case, constructing a "synthetic vertical source" is even easier. A cross-line sailing direction can be added over the target area and the dipoles of the opposite orientation can be obtained simply by adding a negative sign to the measured fields. Effectively the source configuration as shown in figure 14 is maintained by constructing synthetic orthogonal dipoles. The position and the size of the long synthetic dipole source can also be adjusted by changing the number and positions of the small dipoles.
DISCUSSION AND CONCLUSION
We have seen that the detectability of hydrocarbon can be significantly increased by applying the synthetic aperture concept to CSEM data. This means that more challenging reservoirs can be detected, and new acquisition systems of CSEM become applicable, such as nearsurface towing systems. The diffusive nature of electromagnetic fields in the conductive subsurface makes those fields decay rapidly in space, and as a consequence the target field, which carries useful information of the reservoir, is normally buried in the background field. Interpreting the presence of a hydrocarbon reservoir can thus be challenging. This difficulty makes the current CSEM system only applicable to a small range of reservoir types, specifically those in deep water, with a large size, shallow in depth and significant resistivity contrast to the surrounding subsurface. The best way to increase the detectability of reservoirs using CSEM is to increase the target field, and at the same time reduce the background field. Using the synthetic aperture technique, large synthetic sources can be constructed by adding small sources in such a way that the total field from this synthetic source excites a large target field and a small background field for particular offsets. By doing so, significant reservoir anomalies can be found in measured fields. These anomalies not only help interpret the presence of the reservoir, but also increase the accuracy and speed of a CSEM inversion. We show applications for field steering and creating "synthetic vertical sources" by adding small horizontal dipoles, but this is does not suggest that these are the only or the best ways of applying the synthetic aperture technique.
Besides the horizontal electrical dipoles used here, we could also use magnetic dipoles (or equivalently electrical loops) as building blocks. We have steered the field by applying a linear phase shift in the source array. Focusing the field by applying quadratic phase shifts, could increase the secondary field from the target. A 2-D source array would not only allow for steering the field in the inline direction, but also for steering in the crossline direction. We have demonstrated construction of synthetic aperture sources, but one can also construct synthetic aperture receivers. There are many opportunities to further enhance the use of a synthetic aperture source in CSEM, and one may learn these processes from synthetic aperture techniques used in the radar and sonar communities.
